Long interspersed elements-1 (LINE-1, L1) are retrotransposons that hold the capacity of selfpropagation in the genome with potential mutagenic outcomes. How somatic cells restrict L1 activity and how this process becomes dysfunctional during aging and in cancer cells is poorly understood. L1s are enriched at lamin-associated domains, heterochromatic regions of the nuclear periphery. Whether this association is necessary for their repression has been elusive. Here we show that the sirtuin family member SIRT7 participates in the epigenetic transcriptional repression of L1 genome-wide in both mouse and human cells. SIRT7 depletion leads to increased L1 expression and retrotransposition. Mechanistically, we identify a novel interplay between SIRT7 and Lamin A/C in L1 repression. Our results demonstrate that SIRT7-mediated H3K18 deacetylation regulates L1 expression and promotes L1 association with elements of the nuclear lamina. The failure of such activity might contribute to the observed genome instability and compromised viability in SIRT7 knockout mice. Overall, our results reveal a novel function of SIRT7 on chromatin organization by mediating the anchoring of L1 to the nuclear envelope, and a new functional link of the nuclear lamina with transcriptional repression.
INTRODUCTION
Long interspersed elements-1 (LINE-1, L1) are non-LTR retrotransposons that hold the capacity of self-propagation through retrotransposition in mammalian genomes. L1s comprise ∼19% and 17% of the mouse and human genome, respectively (1, 2) , and are considered to be a major driving force of human genome evolution (3) . A mammalian full-length L1 sequence includes an 5 untranslated region (5 UTR) harboring an active promoter, two open reading frame proteins (ORF1p and ORF2p) necessary for L1 retrotransposition and the 3 untranslated region (3 UTR) that contains a poly (A) tract. Most mammalian genomic L1 sequences are incapable of self-propagation due to mutations and truncations (1) . L1 transcriptional activation has been reported during mammalian early embryogenesis and in germ cells (4, 5, 6) , which led to the concept that L1 de novo retrotransposition might lead to germline and somatic mosaicism, reviewed in (7) . Indeed, distinct L1 insertions have been reported among individual somatic cells such as in neurons (8, 9, 10, 11) . Whether this somatic genetic variability contributes to cell-specific functional determination or disease is still controversial. Undoubtedly, L1 activity has profound effects on gene expression. L1s participate in the formation of chimeric repeat-genic transcripts (12) . L1s inserted in gene bodies might affect the quality and quantity of the mRNA transcript (13) , and in a more global scale L1 transcriptional activation can affect the overall cellular pool of non-coding and coding RNAs (14) . In addition, L1 retrotransposition often involves the transduction of 3 nearby sequences (15, 16) , and the mobilization of other non-autonomous retrotransposons such as human Alu sequences and murine B1 and B2 elements (17, 18) potentially shuffling transcriptional regulatory regions. Moreover, active L1s can compromise genome integrity. The activity of the L1-encoded endonuclease generates DNA damage far above their retrotransposition potential promoting cell cycle arrest (19, 20) , induction of apoptosis (21) and cell senescence (22) . Consistently, L1 activity is observed in cancer and aging cells (23, 24) . Whether L1 activity is the cause or the effect of these cellular degenerative processes is not clear. There are a few reported examples of L1 retrotransposition promoting insertional mutagenesis at tumor suppressor genes, which might precede oncogenic transformation (25, 26, 27) .
The cell has developed multiple mechanisms of defense against L1 activity, ranging from small RNA-related machineries to restriction proteins acting at the posttranslational level such as AID/APOBEC proteins reviewed in (28) . Transcriptional silencing is predominantly mediated by epigenetic mechanisms involving the deposition of repressive histone post-translational modifications and by DNA methylation. These chromatin modifications vary depending on cell type and cell developmental stage. DNA methylation at L1 is established in early embryogenesis by de novo DNA methyltransferases (29) and is believed to be the main mechanism of L1 silencing in somatic tissues. Trimethylation of lysine 9 on histone H3 (H3K9me3), a characteristic epigenetic mark of constitutive heterochromatin, is present at the 5 UTR of intact L1 in both differentiated and undifferentiated cells (30) . H3K9me3-mediated repression seems to be the primary L1 silencing mechanism in ESCs (31, 32) and germ cells (30) , which is mediated by the H3K9me3 methyltransferases Suv39h1/2 (31) . In male germ lines, L1 repression is facilitated by P elementinduced wimpy testis (Piwi)-interacting RNAs (piRNAs), which target L1 transcripts and facilitate the recruitment of the DNA and histone methyltransferases (30, 33) . For more ancient L1s, with plausibly limited transcriptional activity, H3K9me3 deposition is mediated by the DNA binding Krüppel-associated box domain-containing zinc finger proteins (KRAB-ZFPs) and their cofactor KAP1 (KRAB-associated protein 1) by promoting the recruitment of the methyltransferase SETDB1 (34) . Other repressive marks characteristic of facultative heterochromatin such as trimethylated H4K20 and H3K27 found at different subfamilies of endogenous retrovirus did not show a uniform pattern of enrichment on L1s in ESCs (35) . Analysis of L1 repression in somatic tissues from aging and cancer cells reveal additional epigenetic mechanisms of L1 silencing such as histone lysine deacetylation, which is correlated with a closer or inaccessible repressive chromatin state. In cancer cells, deacetylated histones decorate the chromatin of newly L1 insertions (36) and the use of histone deacetylases (HDACs) inhibitors is sufficient to induce L1 reactivation (36, 37) . The specific HDACs responsible for L1-associated chromatin deacetylation are not known.
Overall, L1s are vulnerable to the progressive loss of heterochromatin that characterize cancer and aging cells, such as progressive CpG island hypomethylation and loss of histone methylation and deacetylation (38, 39, 40, 41) . Indeed, L1 sequences are an important part of the mammalian cell heterochromatic content. Euchromatin and heterochromatin are compartmentalized in the eukaryotic nucleus. Heterochromatin is predominantly found at the nuclear exterior associated with elements of the nuclear envelope such as components of the nuclear lamina (42, 43, 44, 45) . Indeed, the anchoring of chromatin to the nuclear lamina is important for gene silencing and the maintenance of expression programs (46) . Transcriptional activation disrupts associations with the nuclear lamina (47, 48) and alternatively, the tethering of genes to the nuclear lamina promotes their repression (49, 50) . L1 elements are enriched in Laminiassociated domains (43, 51) . However, whether L1-Lamin association is necessary for L1 transcriptional repression is not known.
Here we report that SIRT7, a member of the mammalian sirtuin family of deacylases and ADP ribosylases, participates in the epigenetic regulation of L1 repression genome-wide in both mouse and human cells. ChIP-seq analysis shows that the majority of chromatin-associated SIRT7 binds L1 elements where it regulates H3K18Ac levels. Mechanistically, SIRT7-mediated H3K18 deacetylation promotes the association of L1 with lamin proteins. Importantly, association of L1 sequences to the nuclear lamina is indispensable for their transcriptional repression. Accordingly, SIRT7 depletion is correlated with increased L1 expression and retrotransposition.
MATERIALS AND METHODS

Cell lines and treatments
Mouse embryonic fibroblasts (MEFs) were isolated from WT and SirT7 −/− mice as previously described (52) . K562 cells were obtained from ATCC (CCL-121) and HT1080 were kindly provided by Dr Brenemann. Cells were transfected by electroporation as described previously (53) . Briefly, 1 × 10 7 cells were resuspended in 250 l of Ingenio buffer (Mirus) and were electroporated with 1 M of SCR, SIRT7 or Lamin A/C siRNA using a BioRad device (Gene Pulser Xcell) with 4 mm gap cuvette (BioRad) at 200 V and 950 F. Electroporated cells were then transferred to complete medium and incubated at 37
• C for 48 h before harvesting. MEF cells were transfected with an Amaxa Nuclefactor System (for details, see 'Retrotransposition Assay' section) or infected with retroviral particles as described previously (54) .
Plasmids
SIRT7-, SirT7H188Y-, H3K18WT-, H3K18Q-and H3K18R-pMSCV vectors were established as described previously (53) . Human HA-Lamin A was cloned into the pcDNA4/TO vector (Invitrogen). The pWA125 and pWA126 retrotransposition plasmids were kindly provided by Dr Ann, and are both based on a synthetic mouse L1 element (55) (i.e. ORFeus-Mm) and contain a GFP-based retrotransposition reporter. The pWA126 vector contains two mutations that abolish the endonuclease and reverse transcriptase activities and is used as a control for background GFP signal. pMSCV-GFP was generated in (56) . pMD7-5 UTR-Fluc described in detail in Luciferase assay section of 'Materials and Methods'. SCR siRNA was obtained from SIGMA and SIRT7 and Lamin siRNA were obtained from Dharmacon.
Chromatin immunoprecipitation
ChIP was carried out as previously described (53) . Briefly, samples were crosslinked in 1% formaldehyde for 10 min at 37
• C, washed twice with PBS and then collected from dishes. For SIRT7, ChIP was carried out with nuclear extracts. First, cells were resuspended in Lysis Buffer 1 (5 mM HEPES, 85 mM KCl, 0.5% NP-40) and incubated for 5 min on ice to disrupt cellular membranes. After centrifugation, nuclei were resuspended in Lysis Buffer 2 (1% SDS, 10 mM EDTA, 50 mM Tris and protease inhibitors) and incubated on ice for 40 min. For H3K18Ac and Lamin A/C ChIP, whole cell extracts were obtained by directly lysing cells in Lysis Buffer 2 for 40 min on ice. Chromatin was then sonicated to an average fragment size of 150-300 bp as analyzed by agarose gel electrophoresis, and subjected to immunoprecipitation with anti-SIRT7, anti-H3K18Ac or anti-LaminA/C antibodies (see Supplementary Table S1 for details). ChIPs were washed five times with ice-cold RIPA buffer (1% NP-40, 0.7% Na deoxycholate, 50 mM Tris, 1 mM EDTA, 500 mM LiCl 2 , pH 8.0), crosslinks were reversed (1% SDS, 0.1 M NaHCO 3 ; 6 h at 65
• C) and DNA was purified (minElute PCR Purification Kit, Qiagen). Finally, the concentration of ChIP and INPUT DNA was measured using PicoGreen (Life Technologies). For Quantitative PCR, GAPDH and LINE elements were analyzed with 1 ng and 50 pgr of ChIP and INPUT DNA, respectively. See Supplementary Table S2 for primer sequences.
Library preparation and ChIP-sequencing
ChIP libraries were prepared using a ThruPlex DNA-seq library preparation Kit (Rubicon Genomics) following the manufacturer's protocol. ChIP libraries were then size selected with PippinPrep (Sage Science) for a final library fragment size of 350-400 bp, and quantified with KAPPA qPCR. ChIP libraries were then sequenced on a HiSeq 2500 (Illumina) with 2 × 100 bp paired-end reads to a depth of >20 × 10 6 fragments per sample at the RUCDR, Infinite Biologics sequencing center (Rutgers University, NJ). Reads were de-multiplexed and concatenated, and delivered as fastq files.
ChIP-seq analysis
Raw read quality was first assessed with fastqc (version 0.11.3, Babraham Bioinformatics). FastQC: a quality control tool for high-throughput sequence data (available online at: http://www.bioinformatics.babraham.ac.uk/ projects/fastqc), followed by adapter clipping and quality trimming with Trimmomatic version 0.36 (57) . Reads were then aligned to the mouse (UCSC mm9) or human (UCSC hg19) reference genomes with Bowtie with options -n 2 -k 10 (58), and converted to BAM format with Samtools (59). ChIP and alignment quality was evaluated computing library complexity (PBC), FRiP, insert size and strand crosscorrelation analysis. All samples passed the ENCODE quality standards for ChIP-seq studies. Peak calling was performed using MACS version1.4.2 (60) , and RPKMnormalized signal files were generated from BAM data using DeepTools version 2.4.2 (61) . Repetitive element annotations for the mm9 and hg19 reference genomes were obtained from repeatmasker (RepeatMasker Open-4.0. 2013-2015 <http://www.repeatmasker.org>), and were processed to defragment elements based on their ID field. Intersection of ChIP peaks with repetitive elements was performed with the Bedtools package version 2.17.0 (62). Classification of ChIP peak genomic context was performed with CEAS version 0.9.9.7 (63) . Heat map and average profile plots were generated using in-house scripts utilizing metaseq version 0.5.6 (64), pybedtools version 0.6.9 (65) and Matplotlib version 2.0.2 (Zenodo. http://doi.org/10.5281/zenodo.573577). Individual profile plots were generated using IGV version 2.3.98 (66) . PhastCon scores (30-way vertebrate) against the mm9 reference genome were obtained from UCSC (67, 68) , and average profiles were generated with in-house scripts. SIRT7 peak proximity to TSS elements was computed with GREAT v2.0.2 (69) using the mm9 reference genome and default settings. Alignment of ChIP-seq reads to L1 consensus sequences was performed using bowtie2 v2.2.6. L1 consensus sequences obtained from repbase (70, 71) were first indexed with bowtie2-build using default options followed by alignment of ChIP-seq reads using bowtie2 with options -N 1 -local. ChIP signal over the length of the consensus sequence was then plotted using in-house scripts, with data expressed as the log 2 ratio of ChIP divided by Input after adjustment for library sizes. Data shown are from replicate #1 from two independent concordant replicates for both human and mouse.
RNA extraction and quantitative RT-PCR
Cultured cells and tissues were homogenized in TriReagent® (Invitrogen) and RNA was isolated with a Direct-zol™ RNA Kit (Zymo Research) according to the manufacturer's instructions. About 1.5 g of RNA was then digested with DNase I (Invitrogen), purified with an RNAeasy kit (Qiagen) and subjected to cDNA synthesis using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with random hexamers and poly-dT according to manufacturer's instructions. For 5 RACE qPCR, cDNA was generated using a SMARTer RACE Kit (Clontech Laboratories). cDNA generated without the SMARTer II Oligonucleotide was used as a negative control. PCR products were cloned into the pGEM-TEasy vector (Promega). DNA sequencing was performed on an ABI PRISM 377 DNA sequencer (Applied Biosystems). Real-Time PCR was performed using SYBR Green (Applied Biosystems) in an ABI 7900HT real-time PCR machine. Reactions were run in triplicate with an initial denaturation step at 95
• C for 10 min, followed by 40 cycles of denaturation at 95
• C for 15 s and annealing/elongation at 60
• C for 1 min and a final melting curve analysis to verify amplification specificity. The housekeeping gene ␤-Actin was used as an internal control to normalize expression levels and reactions without the addition of reverse transcriptase were performed in parallel as negative controls. The primer sequences are provided in Supplementary Table  S2 .
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Retrotransposition assays
WT and SirT7
−/− primary MEFs cells were transfected with pWA125 or pWA126 retrotransposition vectors (see Supplementary Figure S9A 
Protein immunoprecipitation
Lamin A/C antibody (#abcam, ab8984) was first conjugated to protein A and protein G magnetic beads (Life Technologies) according to manufacturer's instructions. Chromatin fractions from 293 cells were obtained as previously described (54) . Briefly, cells were first lysed in Hypotonic Buffer (10 mM Tris:HCl pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.1 mM PMSF, 0.5 mM DTT and protease inhibitors) for 10 min at 4
• C to break the cellular membrane. After centrifugation, protein supernatant was discarded, and cellular pellet was resuspended in RIPA buffer (50 mM Tris:HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS; 0.1 mM PMSF, 0.5 mM DTT and protease inhibitors) to obtain nuclear extracts. Nuclear extracts were treated with benzonase (SIGMA) according to manufacturer's instructions, and the protein supernatant was incubated with anti-Lamin A/C beads overnight at 4
• C. Protein complexes were washed three times with ice-cold BC-100 washing buffer (20 mM Tris:HCl, pH 8.0, 100 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.1% Nonidet P-40; 0.1 mM PMSF and Protease inhibitors), and elution was performed by incubating the beads 10 min with 25 l of 0.1 M glycine, pH 2.8. About 25% of the eluted protein complexes and 1% of the INPUT were then resolved on NuPAGE 4-12% Bis-Tris gel (Invitrogen) and analyzed by western blot using anti-SIRT7 and anti-LaminA/C (Cell Signaling, 2032) antibodies.
Micrococcal nuclease assay
Three 10-cm dishes of SirT7 −/-and WT MEFs were grown to 80-90%confleunce. About 10-15 × 10 6 cells of each genotype were resuspended in 1 ml of lysis buffer (10 mM Tris, 10 mM NaCl, 3 mM MgCl 2 , 1% of NP-40, pH 7.5) and incubated on ice for 10 min. Nuclei were collected by centrifugation at 300 × g for 5 min at 4
• C. The nuclear pellet was then resuspended in 400 l of nuclear lysis buffer (20 mM Tris, 20 mM KCl, 70 mM NaCl, 3 mM CaCl 2 and protease inhibitor cocktail, pH 7.5). Aliquots of 60 L were then treated with 4 Units of micrococcal nuclease (MNase, Thermo Fischer) and digested at 37
• C for 0, 1.5, 3, 5, 10 and 15 min, respectively. Then 3 l of 0.5 M EDTA was added to stop digestion, and DNA was purified by using the NucleoSpin® Gel and PCR Clean-up procedure (Macherey-Nagel). About 500 pgr of DNA was used for qPCR analysis using SybrGreen (ThermoFisher). Primers were designed to target the promoters of the L1MdA consensus sequence and the B-globin gene to obtain PCR amplicons longer than the length of a single nucleosome. Specifically, amplicons were 248 and 350 bp long for the B-globin and L1Mda promoters, respectively. Mononucleosomes formed as the result of MNase digestion cannot be amplified by qPCR. Therefore, reduced amplification indicates more MNase digestion, which is interpreted as the presence of more accessible/open chromatin at the assayed loci.
Luciferase assay
We generated a stable HCT-116-5 UTR-Fluc cell line carrying an integrated 5 UTR-Fluc transgene (pMD7), which expresses the firefly luciferase (Fluc) reporter under the human L1RP 5 UTR promoter (Genebank accession #AF148856.1). pMD7 was constructed through three cloning steps. First, pMD2 was derived from the Sleeping Beauty transposon cloning vector pT2BH (72) by double digestion with SalI and XhoI and subsequent religation. Second, the Fluc reporter under SV40 promoter was released from pGL4.13 (Promega) as a EcoRV/BamHI fragment, and ligated into EcoRV/BglII digested pMD2, making pMD3. Third, the SV40 promoter in pMD3 was replaced with L1RP 5 UTR promoter by ligating the 5 UTR from pJCC5-RPS (73) as a EcoRV/NcoI fragment with EcoRV/NcoI digested pMD3, making pMD7. To make the stable cell line, 90 000 HCT-116 cells were seeded in a 24-well plate, and 24 h later cotransfected with 100 ng of pMD and 20 ng of SB100X (72) using FuGENE HD reagent. Cells were harvested 24 h post transfection and reseeded into 96-well plates at the density of 0.8 cells/well. Single cell clones showing Fluc activity were retained for downstream analysis. For luciferase assays, a total of 10.000 HCT-116-5 UTR-Fluc cells were plated in triplicate into a 96-well plate and transfected with 200 mM Scr or SirT7 siRNA (Dharmacon) using Fugene reagent (Promega). Seventyfour hours after transfection, cell viability was measured using Sensilite (PerkinElmer) and luciferase activity with Luciferase Assay System (Promega).
Pull-down assays
The following histones peptides were synthesized by AnaSpec (San Jose, CA):
Pull-down assays were performed with Streptavidin agarose beads purchased from Millipore (#16-126). Preparation of the peptide-bound resin and peptide pull-down from nuclear extracts were performed as described (54) . Briefly, HA-Lamin A/C purified from HEK-293F cells was incubated with the respective streptavidin bound biotin labeled peptide for 12 h at 4
• C (salt concentration adjusted to 150 mM of KCl in presence of 0.1% Triton X-100). The streptavidin agarose beads were washed five times with 10 volumes of PBS/0.1%Triton X-100 and finally eluted with 1 volume of 2× Laemmli buffer. The amount of HA-Lamin A/C pulled-down was detected by western blot using anti-HA antibody, while a dot blot with anti-biotin was performed as loading control. See Supplementary Table S1 for antibodies sources.
FISH and imaging
For single locus FISH, BACs were obtained from CHORI (RP24-286G19 and RP24-184M19) and were amplified and isolated using standard techniques. Probes were generated by incorporation of modified nucleotides (aa-dUTP, Sigma) via nick translation and coupled to fluorophores with the ARES kit (Invitrogen) following manufacture's instructions. For L1 probe FISH, probes were generated via PCR incorporating biotin-dUTP using primers designed against the L1MdT family of L1 elements. Specifically, primers for this probe were designed against the L1MdT consensus sequence (RepBase) with amplicons generated starting from the internal 5 UTR through the length of the ORF2 region. PCR reactions were run partially substituting dTTP with biotin-dUTP (1:3 ratio), and using WT MEF genomic DNA as template. All PCR reactions were subjected to size selection via agarose gel electrophoresis with a target window of 200-500 bp (see Supplementary Table S2 for primer sequences). Probes were combined in an equimolar ratio, in addition to mouse Cot-1 (BAC probes only) and sheared salmon sperm DNA (Invitrogen) for blocking, precipitated and resuspended in hybridization buffer. Probes were applied to cells grown on coverslips that were fixed and processed for FISH. Slides were denatured for 3.5 min at 75
• C, followed by incubation at 37
• C for 1-2 days. Slides were then washed 3 × 10 min with 2X SSC at 37
• C, then 3 × 10 min with 0.1× SSC at 62
• C. For L1 probe FISH, biotin was detected using anti-biotin primary antibody and visualized with secondary antibody coupled to fluorophore (see Supplementary Table S1 for antibodies sources). Finally, slides were counterstained with DAPI and mounted with slowfade gold mounting media (Invitrogen).
For all FISH experiments, images were acquired using a LSM510 META confocal microscope (Carl Zeiss) equipped with a Plan-Apochromat 100×/1.46 NA oil immersion lens. 3D reconstruction and image analysis were performed using Imaris software (Bitplane, A.G.). Nuclei were segmented based on DAPI staining intensity using the standard Surfaces function of Imaris software. For single locus FISH, hybridization signals were located and modeled using the Spots module, which detects the hybridization signal center of mass. These coordinates were used to compute the radial position of each hybridization signal relative to the nucleus. For L1 probe FISH (see Supplementary Figure  S5 ), the relative radial position of each voxel within each nucleus was computed and the average L1 probe intensity along the nuclear radius, which was divided into 20 bins, was measured. To compute the relative radial position of an arbitrary point within a given nucleus, we used the library geometry3Sharp (https://github.com/gradientspace/ geometry3Sharp) to generate 3D AABBTrees representing the isosurface mesh used to segment each nucleus. We then query this tree to find a point on the surface that lies on the ray originating at the center of the nucleus and passing through the point of interest. We define the radial position for this point as the ratio of distances: distance(center, point) / distance(center, surface). All images among all samples within a given experiment were acquired and quantified using the same microscope and analysis parameters. Correlation metrics were computed as previously described (56) . Additional reagents details can be found on Supplementary Tables S1 and S2 .
RESULTS
SIRT7 preferentially binds to active families of LINE-1 elements
We used chromatin immunoprecipitation (ChIP) followed by high-throughput DNA sequencing (ChIP-seq) to identify SIRT7-binding sites throughout the genome in primary MEFs. Bioinformatic analysis of the data revealed that SIRT7 binds 72 622 loci scattered across the genome (Figure 1) , and that these binding sites are highly conserved between species (Supplementary Figure S1A) . The majority of SIRT7 binding sites are located within intergenic regions and only ∼2% are found within promoter and exonic regions (Figures 1A and Supplementary S1B). Strikingly, 80% of SIRT7-binding sites were found at L1 elements ( Figure 1B ). The binding of SIRT7 at L1 elements was further confirmed by ChIP coupled to quantitative PCR (ChIP-qPCR) and compared with SIRT7 occupancy at selected genomic regions ( Figure 1C ). SIRT7 is enriched at the ribosomal gene 28S consistent with the role of SIRT7 in rDNA transcription regulation (74) , but dramatically increased (15-fold) at L1 loci relative to a negative control locus (GAPDH). The alignment of the SIRT7 ChIP-seq reads to the consensus mouse L1 sequence indicates that SIRT7 binding is present throughout the L1 ( Supplementary Figure S1C) . Importantly, our results reveal that SIRT7 specifically binds the most recently evolved and therefore, putatively active families of L1 elements ( Figure 1D ). Moreover, SIRT7 occupancy at L1 elements genome-wide was also present in K562 human cell line but to a lesser extent (Supplementary Figure S2A) . Similar to mouse cells, SIRT7 in this human cell line preferentially binds the most recently evolved families of L1 elements (Supplementary Figure S2B) .
SIRT7 promotes the association of L1 elements to Lamin A/C
Previous reports have shown that L1 elements are enriched at Lamin-associated domains (LADs) (44, 51) , a transcriptional repressive nuclear compartment (46) . Strikingly, analysis based on our own and previously published data (GSE36132 (44)) showed an enrichment of lamin proteins to all L1 elements as indicated by a positive LaminDamID score, which was dramatically increased in the subset of L1 elements bound by SIRT7 (Figure 2A ). Consis- tently, endogenous SIRT7 and Lamin A/C are able to be copurified by immunoprecipitation in MEFs cells ( Figure 2B and Supplementary Figure S3) . Importantly, we observed that Lamin A/C association with L1 elements is reduced in SIRT7-depleted cells ( Figure 2C ), despite similar levels of Lamin A/C between SirT7 −/− and WT cells ( Figure  2D ). In addition, the reduced presence of Lamin A/C at L1 loci in SIRT7-deficient cells was directly dependent on SIRT7 deacetylase activity. Viral-mediated transduction of SirT7 −/− MEFs with an active SIRT7, but not with a catalytically inactive SIRT7 point mutant, rescued Lamin A/C levels at L1 elements ( Figure 2C ). Collectively, these data suggest a functional interplay between SIRT7 and Lamin A/C in L1 regulation.
It is well documented that the anchoring of chromatin to the nuclear lamina is important for gene transcriptional repression (46) . Similarly, SIRT7-mediated L1 repression might involve the anchoring of L1 elements to the nuclear lamina. To test this possibility, we performed fluorescence in situ hybridization (FISH) targeting selected L1 loci in WT and SirT7 −/− cells ( Figure 2E and F). We first used two BACs probes: one within a LAD enriched for SIRT7-occupied L1 elements and an adjacent non-LAD control locus devoid of SIRT7-bound L1 elements ( Figure 2E ). Probe coordinates, based on weighted centers of each fluorescence signal, were used to calculate the relative radial distance to the nuclear surface. Although the overall distribution was not statistically different according with KolmogorovSmirnov (KS) testing, we computed the correlation coefficient between the WT and SirT7 −/− cells compared to WT cells, while no significant changes in the nuclear localization of the adjacent non-LAD probe were observed between both cell types. To further discern the impact of SIRT7 in L1 nuclear spatial distribution, we designed a L1 FISH probe spanning the consensus sequence of the L1MdT family of L1 elements with the rationale that the vast majority of these L1 family members are occupied by SIRT7 ( Figure  1D ). After hybridization of this probe on primary WT and SirT7 −/− MEFs followed by confocal 3D imaging analysis (Supplementary Figure S5) , we observed that the majority of the FISH signal in WT cells was found at the nuclear periphery ( Figure 2F , left and Supplementary Figure  S6 ). This is consistent with previous reports placing ∼60% of LINE elements in LAD regions (44) . Quantification of the L1 probe intensity per voxel in relation to their relative nuclear radial position revealed a mild but significant decrease in the mean intensity at peripheral locations (0.8-1.0) and an increase in the central compartment (0.0-0.8) in SirT7 −/− cells compared to WT (Figure 2F, right) . In addition, WT nuclei showed a higher correlation of radial position and L1 probe intensity compared to SirT7 −/− nuclei (rho = 0.907 ± 0.022 versus rho = 0.776 ± 0.045, respectively. P-value of 0.0108 by ANOVA). Taken together, our results indicate that L1 nuclear distribution becomes disrupted upon SIRT7 depletion and support a model where SIRT7 regulates the anchoring of L1 elements to the nuclear periphery.
SIRT7 regulates H3K18 acetylation levels at L1 loci
SIRT7 is known to be a NAD + -dependent deacetylase of lysine 18 of histone H3 (H3K18). Acetylation of this residue has been previously described to be enriched at enhancers and promoters of active genes (75) . Consistently, SIRT7-mediated H3K18 deacetylation at the promoters of a specific set of genes has been shown to lead to their silencing (76, 77) . We hypothesized that SIRT7-mediated H3K18 deacetylation has a broader role in transcriptional regulation considering the predominant occupancy of SIRT7 at L1 elements ( Figure 1B ). This hypothesis is further supported as SIRT7 catalytic activity is necessary to restore L1 association with the nuclear lamina in SirT7 −/-MEFs ( Figure 1C ). To test this hypothesis, we performed ChIPseq to determine H3K18Ac levels genome-wide in WT and SirT7 −/− MEFs. ChIP-seq analysis of H3K18Ac enriched chromatin from WT MEFs corroborated previous reports of H3K18Ac occupancy. H3K18Ac is found at the peaks of H3K27Ac and H3K4me1 histone modifications that are enriched enhancers, and at promoters marked by the presence of H3K4me3 and the binding of RNA Polymerase II Subunit A (Supplementary Figure S4) . Importantly, the levels of H3K18Ac at enhancers and promoters of canonical genes did not change significantly between WT and Nucleic Acids Research, 2019, Vol. 47 
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−/− cells, consistent with our observation that SIRT7 is generally not enriched at these sites ( Figure 1A) . However, we observed that H3K18Ac is enriched at L1 elements occupied by SIRT7, and that SIRT7 deficiency resulted in a significant increase of H3K18Ac levels at these loci (Figure 3) . SIRT7 specifically binds the most recently evolved and DNA sequence-intact families of L1 elements, such as the L1MdA family ( Figure 1D) . Consistently, the effect of SIRT7 on H3K18ac levels is bigger in Figure 3B , in which the average enrichment profile is over L1MdAL1 elements, as compared with Figure 3A that represents the H3K18ac average levels over all L1 elements. Moreover, knockdown of SIRT7 in HT1080 cells also resulted in a significant increase of H3K18Ac levels at L1 elements ( Figure 4A ) indicating that SIRT7 modulation of H3K18Ac levels at L1 elements also holds in human cells.
Histone H3K18 acetylation levels modulate Lamin A/C interaction with chromatin
Previous reports indicate that the association of sirtuins with components of the nuclear lamina impacts their enzymatic activities. Lamin A interaction with both SIRT1 and SIRT6 activates, albeit by an unknown mechanism, their deacetylase activity (78, 79) . To test whether SIRT7-Lamin A/C interplay could impact SIRT7 deacetylase activity at L1 elements, we measured H3K18Ac levels at L1 sequences in control and Lamin A/C knockdown cells by ChIP-qPCR ( Figure 4A ). We observed that, relative to control cells, depletion of Lamin A/C did not cause H3K18Ac levels at L1 loci to change significantly. However, depletion of SIRT7 led to a significant increase in H3K18Ac enrichment, consistent with our observations in WT and SirT7 −/--derived mouse cells (Figure 3) .
To directly test whether SIRT7-mediated H3K18 deacetylation was necessary for Lamin A/C recruitment to L1 elements, we transduced WT and SirT7 −/− cells with histone H3 mutants in which K18 was mutated either to glutamine (K18Q) or to arginine (K18R) to mimic an acetylated or deacetylated lysine residue, respectively. Overexpression of the H3K18Q mutant in WT cells resulted in a significant reduction of Lamin A/C levels at L1 elements measured by ChIP-qPCR. Conversely, overexpression of the H3K18R mutant in SirT7 −/− cells increased Lamin A/C levels ( Figure 4B ). Interestingly, we were able to detect via western blot a dramatic reduction of Lamin A/C levels in the chromatin fraction of WT cells overexpressing the H3K18Q mutant, suggesting an effect of this histone acetylation status in other chromatin loci outside L1 ( Figure 4C ). Altogether these results indicate that SIRT7-mediated H3K18 deacetylation at L1 is not affected by SIRT7-Lamin A/C association but seems to be necessary for Lamin A/C recruitment to L1.
Taken together, these results support that SIRT7-mediated H3K18 deacetylation is critical for Lamin A/C-L1 element association. Structural analysis of Lamin A/C protein indicates that Lamin A/C is able to directly bind chromatin (80) . To test whether the association of Lamin A/C with chromatin is impaired by the presence of H3K18Ac, we used biotinylated H3 peptides with K18 in an unmodified, acetylated or di-methylated state to pull-down purified Lamin A protein ( Figure 4D and E). Our results indicate that Lamin A is able to directly bind the H3 histone tail peptide, and importantly, that acetylation of K18 reduces this interaction. Intriguingly, H3K18me2 peptides (peptide control) were also able to reduce Lamin A interaction. However, it is difficult to evaluate the biological relevance of this result as the role of H3K18 methylation has not been defined yet. Nevertheless, this observation strengthens the idea that modification of the H3K18 residue alters Lamin binding to chromatin. Overall, these results suggest that in the absence of SIRT7, H3K18 hyperacetylation prevents the association of L1 elements with the nuclear lamina by interfering with Lamin A/C binding to chromatin.
Increased LINE-1 expression and retrotransposition in the absence of SIRT7
Collectively, our results reveal an unanticipated and novel functional interplay between SIRT7 and Lamin A/C and suggest that SIRT7 may promote L1 repression via its interaction with the nuclear lamina. We first determined whether SIRT7 activity promotes L1 transcriptional silencing by measuring L1 expression levels in MEFs isolated from WT and SirT7 −/− sibling mouse embryos. We observed a significant upregulation of L1 transcripts in SirT7 −/− -derived MEFs compared to WT cells ( Figure 5A ). Moreover, several tissues from SirT7 −/− mice also displayed L1 deregulation ( Figure 5A ), being more predominant in those tissues where SIRT7 is highly expressed and become dysfunctional upon SIRT7 depletion (53, 74, 77, 81, 82) . Importantly, the single copy gene TBP, which is devoid of any transcriptionally competent L1 element or SIRT7-binding sites, had similar levels of L1 expression between WT and KO cells from all tissues that we investigated. These results indicate that SIRT7 maintains the repression of more recently evolved, and therefore putatively active, L1 elements, consistent with the relative enrichment of SIRT7 at different L1 families ( Figure 1D and Supplementary Figure S2B) . Most importantly, transcriptional silencing of L1 elements was directly dependent on SIRT7 activity because viral-mediated transduction of SirT7 −/− MEFs with an active SIRT7 was sufficient to repress L1 expression by 65% ( Figure 5B ). In addition, we generated a human colon carcinoma cell line with integrated firefly luciferase reporter cassette driven by the by a sense 5 UTR promoter derived from the human L1RP instance. Our results showed increased expression of the L1 construct in siRNA-mediated SirT7 knockdown cells as compared with cells transfected with scramble siRNA (Figure 5C ). Taken together, these results indicate that SIRT7 deficiency results in increased L1 expression across multiple mice tissue types and in human cells. Moreover, overexpression of the H3K18Q mutant histone resulted in a significant increase of L1 expression ( Figure 5D ) indicating that modulation of H3K18Ac levels at L1 elements regulates L1 transcription. Importantly, knockdown of Lamin A/C resulted in the transcriptional upregulation of L1 loci occupied by SIRT7 ( Figure 5E ). Although overexpression of the deacetylated K18 mutant histone (H3K18R) was sufficient to reduce L1 expression as compared to control cells, this reduction did not occur in the absence of Lamin A/C (Figure 5F ). Thus far, we employed standard RT-qPCR to quantify the effect of SIRT7 on L1 expression. According to a recent report (83) , this approach could not distinguish authentic L1 transcripts (i.e. those transcribed from L1 s own promoter) from L1 co-transcripts (i.e. those transcribed from a neighboring gene promoter). To determine whether SIRT7 regulates L1 expression from its own promoter, we devised a 5 RACE-qPCR strategy to specifically quantify full-length L1 transcripts in total cellular RNA ( Supplementary Figure S7 ). Results were highly similar to those obtained with standard RT-qPCR (Supplementary Figure S8) .
Overall, our results suggest that Lamin A/C is a downstream factor of H3K18 deacetylation but still crucial for L1 repression. In agreement with the common vision of the nuclear periphery as a heterochromatic compartment, and the known association of histone deacetylation with chromatin compaction (84), SIRT7 depletion was correlated with increased chromatin accessibility. Genomic DNA from SirT7 −/− cells was more sensitive to Micrococcal Nuclease (MNase) treatment as compared with WT cells (Figure 6A ), especially at L1 loci ( Figure 6B ).
To further determine the impact of SIRT7 in L1 repression, we questioned whether SIRT7 depletion increases L1 retrotransposition. To answer this question, WT and SirT7 −/− -derived cells were transfected with an L1-GFP retrotransposition reporter (85) (Figure 6C and Supplementary Figure S9 ). In this system, GFP expression only occurs after a successful retrotransposition event, which is measured by fluorescence-activated cell sorting (FACS). Importantly, SIRT7 deficiency resulted in a significant increase in the frequency of de novo retrotransposition events in SIRT7-depleted cells. We cannot rule out that the observed change in chromatin structure in SirT7 −/− cells (Figure 6A ) could affect the insertion site of the retrotransposition reporter. However, when analyzing the mean GFP fluorescence intensity in the GFP + population (which corresponds to cells in which the construct has successfully retrotransposed) and in cells transfected with our GFPbased control vector we did not observe differences between WT and SirT7 −/− cells (Supplementary Figure S9C and D, respectively), supporting our interpretation. This said, we cannot rule out either that the increased retrotransposition in SirT7 −/− cells is solely the result of increased L1 expression. In addition, SIRT7 might modulate the retrotransposition lifecycle at other levels. Indeed, L1 elements require the host DNA repair machinery for integration (86) and we have previously published that SIRT7 regulates DNA repair (53) .
Taken together, our results indicate that SIRT7 participates in L1 repression genome-wide in mouse and human cells. Mechanistically, our results support that SIRT7-mediated deacetylation of H3K18 is necessary for the recruitment of L1 to the nuclear periphery by their association with Lamin A/C to promote L1 transcriptional silencing and repress retrotransposition ( Figure 6D ).
DISCUSSION
Here we provide evidence supporting a new L1 transcriptional silencing mechanism that involves SIRT7 acting as a chromatin modifier and as a tethering factor of chromatin to the nuclear lamina. Sirtuins have multiple enzymatic activities including protein deacylation and mono-ADP ribosylation (87). Our results reveal that SIRT7-dependent H3K18Ac deacetylation is a novel epigenetic mechanism for the suppression of L1 transcription in mouse embryonic fibroblasts and human cell lines. Studies looking at the breadth of human and mouse L1 variation though a phylogenetic lens have shown that L1 subfamilies can be distinguished by features in the promoter (5 UTR) region and grouped by evolutionary age (88, 89) . Upon deeper inspection of these characteristics, it becomes clear that new L1 subfamilies emerge from older, more repressed, subfamilies and quickly expand via retrotransposition before the cell can develop a working response. This classic evolutionary arms race has produced an array of cellular defenses against L1 tailored to the features unique to a particular L1 subfamily. Indeed, the epigenetic regulation of L1 expression in mammalian embryonic stem cells can vary among different L1 families: young L1 elements seem to be mostly silenced through SUV39h1/2-dependent H3K9me3 deposition (31), while more ancient ones are under KAP-1-mediated repression (34) . Separate mechanisms might be also responsible for the suppression of evolutionary distinct L1s in more committed/differentiated cells. In support of this notion, our ChIP-seq analysis show that SIRT7 specifically binds the most recently evolved L1 families in both human and mouse cells ( Figure 1D and Supplementary Figure S2B ). SIRT7 is recruited to chromatin by its interaction with transcription factors (90) . Despite SIRT7 associates with the entire L1 sequence, there is a peak of SIRT7 accumulation at the 5 UTR (Supplementary S1C). Therefore, it is possible that SIRT7 is recruited through a yet unknown partner at this specific site and it is then extended to the adjacent ORF. Previous reports have already linked sirtuins enzymatic activities to the regulation of retrotransposon in fission yeast (91) . In differentiated mammalian cells, only SIRT6 has been associated with L1 transcriptional repression (92) . 
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Mechanistically, SIRT6 is able to bind L1 where it mono-ADP-ribosylates KAP-1, facilitating the formation of the KAP-1/HP-1␣ corepressor complex at L1, which has been linked to the regulation of middle-aged subfamilies of L1 (34) . Despite that SIRT6 has been shown to deacetylase H3K18Ac in pericentric heterochromatin, loss of SIRT6 did not change H3K18Ac levels at L1 (93) suggesting that SIRT6 and SIRT7 have developed different mechanisms to mediate L1 transcriptional repression. It is tempting to speculate that SIRT6 and SIRT7 are specialized in the regulation of different L1 families according to their evolutionary age. Future work will be required to examine SIRT6 and SIRT7 occupancy at L1 loci in different cellular context to determine the level of redundancy of these sirtuins in the repression of L1s. Nevertheless, our results expand the role of sirtuins in the repression of mobile elements, and strongly support histone acetylation as an important player in L1 transcriptional regulation.
H3K18Ac has been previously linked to transcriptional regulation (76, 77, 93) . How H3K18Ac levels mechanistically contribute to regulate transcription is only understood in the case of pericentric chromatin, in which SIRT6-dependent H3K18 deacetylation stabilizes the transcriptional repressor KAP1 (93) . Our results suggest that H3K18 deacetylation is required for the tethering of L1s to the nuclear periphery by their association with Lamin A/C (Figure 4) , expanding the molecular mechanism of action of this histone modification. Consistently, ChIP-seq analyses based on our and previous reports (44) indicate L1 association with LADs is restricted to SIRT7-bound young L1 families, which are still capable of transcription ( Figure 1D and Supplementary Figure S2B) . In addition, we show that depletion of Lamin A/C results in transcriptional upregulation of these L1 subfamilies ( Figure 5E ), and that H3K18 deacetylation is not sufficient to repress L1 expression in the absence of Lamin A/C ( Figure 5F ). These results strongly support that L1-Lamin A/C association is necessary for L1 repression, which is in agreement with the common vision of the nuclear lamina as a transcriptional repressive environment and a major player for heterochromatin maintenance (46) .
Mechanistically, Lamin A/C promotes the anchoring of heterochromatin to the nuclear periphery (94, 95, 96) . The mechanisms by which Lamin A/C tethers heterochromatin to the nuclear rim are just starting to be revealed, for review see (97) . Lamin A/C is able to bind DNA (98), core histones (80) and several inner nuclear membrane proteins (99) . However, the effects of histone post-translational modifications in Lamin A/C binding to chromatin are largely unknown. LADs are enriched in histone marks that are associated with transcriptional repression such as H3K9me3 and H3K27me3 (97) . Depletion of the methyltransferases responsible for these histones marks results in reduced heterochromatin at the nuclear periphery (100). However, the methylation status of these histone marks does not affect Lamin A interaction with the histone H3 tail (101) . Histone deacetylation is also important for gene positioning at the nuclear periphery and gene repression (51, 84, 102, 103) . The underlying molecular players are largely unknown and it has mainly been attributed to HDAC3 activity. Cells lacking HDAC3 have a significant decrease in the amount of heterochromatin, especially at the periphery (104) . HDAC3 is recruited to the nuclear lamina via its interaction with inner nuclear transmembrane proteins such as LAP2␤ (105) and emerin (106) , along with specific transcription factors such as cKROX (51) . However, whether histone acetylation status favors the interaction of Lamin A/C to chromatin has not directly been tested. We propose that the acetylation state at H3K18, which is regulated at L1s by SIRT7, promotes the affinity of chromatin to Lamin A/C. Indeed, we show that Lamin A/C specifically interact with unmodified histone H3, whereas acetylation on H3K18 disrupts this interaction ( Figure 4D and E). We cannot rule out that L1 tethering to the nuclear periphery can be mediated by SIRT7 interaction with nuclear membrane proteins or other bridge factors. In this regard, our results indicate that Lamin A/C and SIRT7 proteins can directly interact (Figure 2B and Supplementary Figure S3) , and suggest that this interaction could cooperate with SIRT7-mediated H3K18 deacetylation to position L1s at the nuclear periphery. Indeed, the interplay between the nuclear lamina and Sirtuins has been previously observed. SIRT1 is recruited to the nuclear envelope through direct interaction with Lamin A, which in turn activates SIRT1 deacetylase activity toward substrates such as p53 (79) . Similarly, SIRT6 deacetylase activity is enhanced upon SIRT6-Lamin A interaction, which regulates SIRT6 recruitment to chromatin upon DNA damage (78) . However, whether this association occurs at chromatin regions located at the nuclear periphery is unknown.
In our model, the presence of Lamin A/C does not impact SIRT7 deacetylase activity as the levels of H3K18Ac at L1 loci do not change upon Lamin A/C knockdown ( Figure  4A ). However, we do not know if, alternatively, Lamin A/C could be a substrate for SIRT7 enzymatic activity. In this regard, total chromatin levels of Lamin A/C are similar in WT and SirT7 −/− MEFs ( Figure 2D ). Future work will be required to fully understand the molecular interplay between SIRT7 and Lamin A/C in the regulation of L1 expression.
On top of its role in transcriptional regulation, Lamin is essential to maintain nuclear organization (107) . The anchoring of specific chromatin domains to the nuclear lamina was one of the first mechanistic explanations for how nuclear architecture is established and maintained (42) . Lamin-mediated regulatory mechanisms become most relevant considering its disruption in cancer and aging cells (108, 109, 110) . Diseases associated with Lamin mutations, such as progeria, provide evidence that Lamin depletion causes large scale reorganization of LAD chromatin structure, including regions of H3K4me3 and H3K27me3 marks (111) . We provide several lines of evidence supporting that L1 association with the nuclear lamina becomes disrupted upon SIRT7 depletion. Considering the abundance of these elements in the mammalian genome (1,2), disruption of the anchoring of L1 to Lamin A/C might impact the localization to or away from the nuclear periphery of adjacent chromatin domains inducing large-scale chromatin organization changes. Interestingly, recent evidence has linked H3K18Ac with early chromatin conformation events (112) . The authors found H3K18Ac at chromatin nucleation sites, which dictate the emergence of chromatin architecture that occurs at the onset of transcription activation in the zygote. It is known that in this window of time L1 gets reactivated (113) . It is possible that L1 activation is a consequence of the early chromatin conformation events and/or, as recently suggested (114) , necessary for these events to occur. Nevertheless, inherent in our findings is that the loss of Lamin A/C observed in aging and cancer cells will reduce the capacity for SIRT7 to anchor L1 elements to nuclear lamina, promote L1 activation and its associated phenotypes such as increased DNA damage and altered gene expression profiles.
Recent reports demonstrated that activation of endogenous L1 elements evolves progressively during cell senescence resulting in the activation of sterile inflammation (115, 116) . These reports mechanistically establish L1 transcriptional dysregulation as a plausible component of the type I interferon response activation and the senescenceassociated secretory phenotype and therefore, with the process of aging. We previously provided evidence of an accelerated aging phenotype and compromised genome integrity in the SIRT7 knockout mouse, which was in part due to impaired DNA damage repair (53) . In this report we unveiled a novel interplay between SIRT7-mediated chromatin regulation, Lamin A/C and repression of L1 elements, which adds to the molecular mechanisms of SIRT7-mediated genome regulation. Taken together, our findings further establish SIRT7 as safeguard of genome integrity and a potential therapeutic target to ameliorate age-related pathologies.
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